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ABSTRACT 


The purpose of the experiment was to test the hypothe- 
sis that time values for certain therbligs cannot be given 
as universal values since they are influenced by other 
therbligs in the sequence. 

The equipment for the experiment was designed so that 
time values for the individual therbligs of a given se- 
quence could be obtained. The experiment was divided into 
three parts which were called setups. Setups B and © 
differed from Setup A in that the therblig sequences were 
changed. The change in therblig sequence was accomplished 
by requiring a more difficult position and assemble at one 
Station. 

The therblig sequence was made up of transport empty 
(T,) from Station l to station 2, grasp a two inch hollow 
metal cube at station 2, transport loaded (T,) from station 
2 to station 3, position and assemble of the cube at sta- 
tion 3, release load at station 3, transport empty (74) 
from station 3 to station 1, contact grasp at station 1, 
transport empty (T, from station l to station 3, grasp 
and disassemble the cube at station 3, transport loaded 
(Το) from station 3 to station 2, position and release 
load cube at station 2, and transport empty (Ty) to station 
1. In Setup A, only a rough position and assemble were 


required at station 3 since the cube was placed in a four 
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iBch circular container. In Setup B, a more difficult 
position and assemble were required as the container was 
changed to a square box 2-1/4 inches on the inside edge. 
In Setup C, the square box was replaced by a plate with 
two 1/2 inch dowels attached. The cube had two 5/8 inch 
holes in the bottom and had to be placed on the dowels. 

By changing the device at station 3 as outlined above, the 
six transports, Ti through τρ, remained the same. 

Twelve operators performed ten cycles of each setup. 
The setups were presented to the operators in a planned 
sequence to allow for any learning during the experiment. 
Each operator was given approximately twenty minutes train- 
ing before starting the experiment, and the chair was ad- 
justed so that elbow height was standardized. 

A kymograph was used to record the elapsed time for 
the therblizs. Signals were transmitted to the kymograph 
by the interruption or completion of various electrical 
circuits. Two photoelectric cells were used to obtain the 
terminal points of the two transports which were followed 
by a position therblig. 

The kymograph tape was measured in fiftieths of an 
inch, and the data was tabulated for each operator and 
setup. 

Analysis of variance was employed to determine if the 
time values for the six transports under the three experi- 


mental setups were significantly different. It was found 
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that the time values for the transports Toy Τη» Ts, and Tg 
under the three setups were significantly different at the 
one percent level. The transports Ti and T, were not 
apparently affected by the change in therblíg sequence, 

The components of variation were computed and it was 
found that the change in setups contributed a smaller per- 
centage of the total variation than the operators, inter- 
action of operators versus setups, or the error, The im- 
portant fact was, of course, that the change in setups did 
contribute to the significant difference. 

For the operators who participated in the experiment 
and under the conditions which prevailed, the following 
conclusions can be stated: 

1. The evidence obtained as the result of this experi- 
ment supports the hypothesis that time values for 
certain therbligs (transport empty and transport 
loaded) cannot be given as universal values since 
they are affected by other therbligs in the motion 
sequence. 

2. Several causative factors were suggested, but more 
evidence is needed to assign a reason for the ob- 


served variation. 








A STUDY OF THE INTER-RELATIONSHIP OF THERBLIG TIMES 
INTRODUCTION 


The term "therblig" was coined by Frank B. and Lil- 
lian M. Gilbreth about thirty years ago to identify ele- 
mentary subdivisions of human activity. With only slight 
modification the original classification of hand and body 
motions has stood the test of time and is widely used by 
conventional motion and time study practitioners. For an 
excellent discussion of therbligs, see the motion and time 


1 or Mundel^. 


study textbook by Barnes 

One of the drawbacks of stop-watch time studies is 
the fact that the time studies cannot be performed until 
the job or*task is in operation. It would obviously be 
advantageous to be able to set accurate time standards for 
jobs - — jobs were actually commenced. In this way 
the relative merit of several variations of any job could 
easily be evaluated before any costly setups were under- 
taken. 

The advent of the predetermined motion-time systems 
supposedly eliminated another disadvantage of the 


lBarnes, R. M., Motion and Time Study; New York, John 


Wiley and Sons, 1949, chapter 9. 
^Mundel, M. E., Motion and Time Study Principles and 
Practice; New York, Prentice-Hall, Το , chapter 12, 





conventional approach. The authors of Methods-Time Measure- 


3 claim, among other things, that their system elimi- 


ment 
nates the subjective judgment required of the observer 
when the performance of the operator is rated. On the 
other hand they admit that a certain degree of judgment 

is still required to determine what motions are necessary 
to perform a particular operation. 

Most of the time values for the predetermined motion- 
time systems have been obtained through the analysis of 
motion pictures. The nature of the basic motions and the 
conditions under which they are performed have been care- 
fully defined. Thus, through a knowledge of the basic 
motions which make up a particular job, the basic time 
values may be applied to.obtain the standard time for the 
job. The question whether the time values assigned to the 
basic motions by the predetermined motion-time systems can 
be considered to be universal is the chief concern of this 
research. A very thorough discussion of some previous re- 
search conducted at Purdue University and Washington Uni- 
versity has been presented by Nadler.^ This presentation 


set forth some interesting results which clearly reflect 


3Maynard, H. B,, Stegermerten, G. J., and Schwab, J. L. 
Methods-Tine Measurement; New York, McGraw-Hill Book 


Company Inc., 1948. 


bNadler, G., "Critical Analysis of Motion Time Systems," 
Sixteenth Annual National Time and Motion Study and Man- 
agement Clinic Proceedings, Industrial Management Society, 


hicago, 1952, 





that therbligs, or basic motions, should be considered 
qualitatively instead of quantitatively. 

The conclusions of some research performed by Barnes 
and Mundel state, in part as follows: "Hence, it is sug- 
gested that the standard times for certain therbligs can- 
not be given as independent values since they may be in- 
fluenced by other therbligs in the eycle,"? 

As the result of an investigation concerning elemental 
and therblig times at various levels of activity, Schwab 
concludes: 

"1, The rating of one therblig or a group of ther- 

bligs does not give a valid rating for the 
whole cycle. 

"2, Elemental and therblig tímes are not proportional 
fróm one level of activity to another, i.e., the 
times to perform most therbligs does increase as 
the rate of activity decreases, but in no set 
pattern. 

"3, The use of therblig time values to obtain rates 
of activity and the extension of these rates to 
cover the whole cycle does not yield a true rate 


for the overall job. 


amm mo l ---ᾱ--ᾱ- ο. ο ee Sie" onec SE .. 


"Barnes, R. M., and Mundel, M. E., "A Study of Hand Motions 
Using the Photoelectric Cell and the Kymograph," Univer- 
sity of Iowa Studies in Engineering, Bulletin 12, March 


S, p. 30. 





"l,. The use of elemental time values to obtain rates 
of activity and the extension of the rates to 
cover the overall cycle does not yield a true 
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rate for the whole job." 
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Schwab, PAM, Jr. Am ea antun to Determine the Pro- 

port tona tity of Elemental and Therblig Times at Typical 
evels o actory Activity, Unpublished Master Thesis, 

19,8. 


Purdue University, 





PURPOSE 


The purpose of? this investigation was to test the 
hypothesis that time values for certain therbligs cannot 
be given as universal values since they are influenced by 
other therbligs in the motion sequence. 

In the analysis of some research reported on by Nadler 
and Wilkes,” time values were tabulated for several groups 
of therbligs. A review of the motion sequence used in 
their research indicated that more therbligs were included 
than were actually accounted for in the discussion. 

In testing the hypothesis stated above, a secondary 
objective was to separate the therbligs so that any varia- 
tion discovered might be attributed to a particular ther- 


blig instead of a group of therbligs. 


7 
- «e 


^ 





7Nadler, G., and Wilkes, J. W., "Studies in Relationships 
of Therbligs," Advanced Management, February, 1953. 
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EQUIPMENT 


The experiment was designed to enable time values for 
individual therbligs to be obtained. Since the gross move- 
ment therbligs, transport empty and transport loaded, are 
a part of almost every job, it was decided to construct a 
simple task which contained several of these therbligs. 

In addition to the above requirement, the task as designed 
had to be constructed so that it would be possible to vary 
sone of the therbligs in the sequence without disturbing 
others. The experiment was divided into three parts called 
setups, and each setup involved a sequence of therbligs 
which was required to traverse a path (see Figure 1) from 
station 1 to station 1 via stations 2 and 3 and the reverse 
path back to the starting point. 

Setup A” (Figure 1) involved a transport empty of 
eighteen inches from station 1 directly away from the opera- 
tor to station 2, a grasp of a two inch hollow metal cube 
at station 2, a transport loaded of twelve inches with the 
cube from station 2 to station 3 along a path perpendicular 
to the path traversed between stations l and 2, a rough 
posítion of the cube in a circular container four inches 
in diameter located at station 3, a release load of the 
cube in the circular container, and a transport empty from 
station 3 to station 1. From station l the direction of 


the path was reversed, For this portion of Setup A the 





Pies 1 View of Setup A 






therblir sequence was made up of a transport empty from 
station l to station 3, a grasp of the cube at station 3, 
a transport loaded with the cube to station 2, a position 
of the cube at station 2, a release load of the cube, and 
a transport empty to station l. 

In Setup B (Figure 2) a square container two and one- 
fourth inches on the inside edge was substituted for the 
circular container used in Setup A. The therblig sequence 
involved in Setup B was thus changed to include an assemble 
at station 3 as well as requiring a finer degree of posi- 
tion at that station. On the reverse path a disassemble 
was required at station 3 before the transport loaded from 
station 3 to station 2 could be performed. Except for the 
above mentioned changes, the therbligs required for Setup 
B were identical with those required for Setup A. 

In Setup C (Figure 3) the change was again made at 
station 3. A plate with two one-inch lengths of one-half 
inch hard wood dowel attached was substituted for the 
sauare container used in Setup B. The metal cube had two 
five-eighths inch holes in the bottom and had to be slipped 
over the dowels. No new therbligs were introduced in Setup 
C, however, a hidden position had to be completed before 
the assemble could be accomplished. The reverse path of 
Setup C required the same therbligs as were used in the 
reverse path of Setup B. 


In order to be able to obtain time values for the 








Pim. 2 View of Setup B 





Fig. 3 





View of Setup C 
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individual therbligs involved in the three parts of the 
experiment, a kymograph (Figure 4) was employed.® A mesh 
of fine copper wire was affixed to the thumb of a right 
hand glove (Figure 5), and the wire mesh was connected to 

a multi-volt transformer which was used as the power source, 
The pens on the kymograph were actuated by solenoids which 
required a 110 volt power source. The use of the six volt 
position on the multi-volt transformer as the power source 
for all operator-completed circuits was made possible by 
the use of relays. The possibility of an operator receiving 
a shock was thereby eliminated. Station 1 was a small 
aluminum angle which was connected to the kymograph through 
a relay. When the thumb was in contact with station l, a 
circuit was completed, and a solenoid actuated pen 1 on the 
kymograph. At station 2 the bottom of the locater for the 
cube was an aluminum plate which was Contei to the kymo- 
graph through a relay. When the thumb touched the cube 
which was resting on the bottom of the locater, a circuit 
was completed and a solenoid actuated pen 2 on the kymo- 
graph. When the cube was removed from the bottom of the 
locater, the circuit was broken and pen 2 on the kymograph 
returned to its original position. Also located at station 


? was a photoelectric cell which was in a circuit to pen 3 


P patres and Mundel, loc. cit. 





Fig. 4 





View of Kymograph 





ENT. 5 





View of Wire Mesh on Thumb 





on the kymograph. To avoid obstructing the work path, the 
photoelectric cell was mounted beneath the work surface, 
and the light source, a 75 watt spot, was mounted verti- 
cally above station 2. A three-eighths inch hole in the 
bottom of the locater and the work table permitted the 
light to fall upon the photoelectric cell when the cube 

was removed from the locater. This completed a circuit and 
a solenoid actuated pen 3 on the kymograph. 

At station 3 the interchangeable devices mentioned 
above were all equipped with aluminum bottoms. When the 
thumb was in contact with the cube, and the cube was placed 
in the container, a circuit was completed through a relay 
and @ solenoid actuated pen 4 on the kymograph. Removal 
of the thumb from the cube broke the circuit and pen 4 re- 
turned to its original position. A photoelectric cell was 
mounted at station 3 in the same manner as outlined above 
for station 2. This photoelectric cell was in a circuit 
which operated pen 5 on the kymograph. 

The kymograph drive was powered by a constant speed 
motor which drew the paper tape under the solenoid operated 
pens at an almost constant velocity of 11.1 inches in one- 
fiftieth of a minute. A test was conducted during which 
fourteen one-fiftieth of a minute pulses of current were 
transmitted to the kymograph. The fourteen tapes were 
measured to the nearest fiftieth of an inch, and the 


average of 11.1 inches was obtained. The average 





variation was less than one-tenth of an inch. This result 
was thought to be satisfactory for the purpose of this ex- 
periment. | 

Figure 6 shows a reproduction of the record made by 
the solenoid operated pens on the kymograph tape. A de- 
flection in line 1, 2, or 4 shows that a circuit has been 
completed or interrupted by the wire mesh on the operator's 
thumb at station 1, 2, or 3, respectively. A deflection 
in line 3 or 5 shows that a circuit has been completed or 
interrupted by action of the photoelectric cell at station 
2 or 3, respectively. At the start of the tape it will 
be noted that lines 1 and 3 were deflected. This means 
that the operator's thumb was in contact with station 1l, 
and the cube was in position at station 2. Lines 2, L, and 
5 were in their normal position which means that these cir- 
cuits were open. Transport 1 (Τη) was a transport empty 
from αρα) νο. -.τ1οη 2, Ti on the tape shows that 
it was measured from the instant contact was broken at 
station l until the instant contact was made at station 2. 
Transvort ? (12) was a transport loaded from station 2 to 
station 3, Το on the tape shows that it was measured from 
the instant contact was broken at station 2 until the in- 
stant that the photoelectric cell was actuated at station 
3. Transport 3 (11) was a transport empty from station 3 
to station l, T3 on the tape shows that it was measured 


from the instant contact was broken at station 2 until the 
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instant contact was made at station l. Transport 4 (τι) 
was a transport empty from station l to station 3. T, on 
the tape shows that it was measured from the instant con- 
tact was broken at station l until the instant contact was 
made at station 3. Transport 5 (T5) was a transport loaded 
from station ? to station 2. Ts on the tape shows that it 
was measured from the instant the photoelectric cell at 
station 3 was actuated until the instant that the photo- 
electric cell at station 2 was actuated. Transport 6 (Te) 
was a transport empty from station 2 to station 1. τς on 
the tape shows that it was measured from the instant con- 
tact was broken at station 2 until the instant contact was 
made at station l. As the arrows at the beginning of the 
tape indicate, kymograph pens 1, 2, and 3 deflect in the 
opoosite direction from pens 4, 5, and 6. Pen 6 was not 
used during this experiment. 

Figure 7 of Appendix A shows the wiring diagram for 


the experiment. 
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PROCEDURE 


Twelve naval officer students in Industrial Engineer- 
inz at Purdue University were chosen as operators for the 
experiment, Each operator viewed the equipment and was 
given a thorough explanation of the procedure to be used 
during the administration of the experiment. Figure 8 of 
Appendix A shows the instructions which were given to each 
operator before the practice session and again before the 
recorded runs. Each operator was given approximately 
twenty minutes of practice to familiarize him with the 
equipment. Since the two inch metal cube weighed only 
four ounces and the recorded runs of ten cycles each were 
extrenely short, it was felt that the element of fatigue 
could be negiected. In order to make final preparations 
for the recorded runs and to standardize the administra- 
tion of the experiment as much as possible, each operator 
was en about five minutes rest before any recorded run 
was made, Although it was considered that the twenty min- 
ute training period given to each operator was sufficient 
to make any further allowance for learning during the ex- 
periment unnecessary, it was felt that an orderly presen- 
tation would be desirable. Since there were twelve opera- 
tors and six permutations of the three experiment setups, 
a planned presentation was thought to be more in order 


than any presentation which could be achieved through the 





ho 


use of a table of random numbers. Figure 9 of Appendix A 
gives the order of presentation which was used for the 
administration of the experiment. 

Prior to the beginning of the experiment, the elbow 
height of each operator was measured while he was seated 
in front of the work table. By the use of plywood blocks 
of various thicknesses, the chair was adjusted so that the 
elbow height of all operators was standardized at thirty- 
five inches above floor level. 

The position of the chair was adjusted relative to the 
work table so that the reach of all operators was the same. 
The chair was positioned so that each operator, with his 
arm and fingers comfortably outstretched, could reach a 
lire on the work table. This line was four inches to the 
rear of and parallel to a line between station 2 and sta- 
aon 3. ^. 

When the SEE completed the recorded run for a 
particular setup, the kymograph tape was marked with the 
operator and setup designator and placed in safekeeping to 


await analysis. 
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RESULTS 


Tables 1 through 12 contain the data obtained for the 
six transvorts, T4 through τρ, for each operator, The 
data are recorded in fiftieths of an inch as measured 
from the kymograph tape (Figure 6). 

Table 13 records the mean values for the twelve oper- 
ators for each of the six transports under the three dif- 
ferent setups. These data are also recorded in fiftieths 
of an inch. 

Table 15 of Appendix B shows the results of the analy- 
sis of variance.” The computational procedures upon which 
Table 15 was obtained are outlined in Appendix B. 

Table 17 of Appendix C gives the results of the com- 
putation of the components of variation. 2° Appendix C out- 
lines the procedures followed in computing the components 
of variation. 

Table 19 of Appendix D records the results of apply- 


l1 


ing the Tukey Method of multiple comparisons in pairs to 


the mean values for the twelve operators for each of the 


?Snedecor, G. W., Statistical Methods Applied to Experi- 
ments in Agriculture and Biology, The Iowa State College 


Press, Ames, Iowa, 1915, chapter 11. 
lOBrownlee, K. A., Industrial Experimentation, Chemical 
Publishing Company, Brooklyn, [OLS Ee Do 
LlouKey, J. W., "Comparing Individual Means In The Analysis 

of Variance," Biometrika, 1949, volume 5, pp. 99-114. 
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six transports under the three different setups. The pro- 


cedures used in making the multiple comparisons are set 


forth in Appendix D. 
Table 20 of Appendix D gives the rank order of the 


means for all twelve operators for the transports T,, Τη, 


Το, and Tg. 





Table 1 


Data for Operator 1 
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Table 2 


Data for Operator 2 
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Table 3 


Data for Operator 3 
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Table 4 


Data for Operator 4 
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Table 5 


Data for Operator 5 
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E 1 
EI 

me | 

κ. | 

EX 

— 

ET 7 

ES 

Ed > 

ESSO 

E 

EE mE Y NIU queo | Lar | 300.5 | d e NN 
νι χι. Τον πιστα 
ig: cmo me) 311572 — | 12 Γιο —— 





27 


Table 6 


Data for Operator 6 


Setup A 
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Table 7 


Data for Operator 7 


Setup A 
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Table 8 


Data for Operator 8 
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Table 9 


Data for Operator 9 
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Table 10 


Data for Operator 10 
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Fable αι 


Data for Operator 11 
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Table 12 


Data for Operator 12 
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Table 13 


Mean Value of Transports For All 12 Operators 





etup 


Pina fa cn 


162.6 156: 3 [180,0 180.0 | 0 επι 4 σπα 7 |151.7 | 156.5. — | 156.5 
E— τν, Ι' 163.2 | 175.7 ποιο ο | 157.8 | 1652€ 


Lus 
€ 


x 





95 


DISCUSSION OF RESULTS 


The Analysis of Variance (Table 15 of Appendix B) 

revealed the following facts: 

1. The time values obtained for the transports Ti 
and T, under the three experimental setups were 
not significantly different. 

2. The tine values obtained for the transports Του 
Τη, Ts and Tg under the three experimental setups 
were significantly different at the one percent 
level, 

3. Even though no significant differences were ob- 
tained for the transports T4 and Ty there were 
differences among the operators which were sig- 
nificant at the one percent level. The interac- 
tion*of operators versus setups was also signifi- 
cant at the one percent level. 

4. For the transports T,, T4, Ts, and Tę, the oper- 
ator differences and the interaction of operators 
versus setups were significant at the one percent 
level. 

The computation of the components of variation (Table 

17 of Appendix C) revealed the following facts: 

l. The percentage of the total variation which could 

be attributed to the error of measurement was 


QNID TOT Το, 33.31 for Τη, 23.1% Bor Te, and 
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23.5% for Te. 

2. The percentage of the total variation which could 
be assigned to the interaction of operators versus 
setups was 13.3% for Το, 24.0% for Τη, 9.4% for 
T,, and 11.1% for τς. 

3. The percentage of the total variation due to the 
change in setups was 11.7% for τα 1.5% for T 
18.9% for T 


i 
and 4.3% for Te. 


99 
bh. The percentage of the total variation due to the 
operators was 51.4% for Το, 41.2% for Pz, 48.5% 


for T,, and 52.1% for Te. 

The multiple comparisons of the means established the 

following facts: 

1. The means for T, and T, under the three experiment 
setüps were significantly different and could be 
ranked in order of magnitude. 

2,1 Kor T4: the means of setups A and C were signifi- 
cantly different, but the mean of setup B was not 
significantly different from that of either setup 
À or setup C, 

3. POB Te, the means of setups A and B were not 
significantly different, but the mean of setup C 
was significantly different from the means of 
both other setups. 

Table 20 of Appendix D shows the rank order assigned to 


the means of T,, τς, and Te, and the two possible rankings 
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of the means of Τη» The means were ranked as follows: 


l. 


For T5, setup A required the least time, setup B 


was second, and setup C required the greatest 


time, 

For 13, setup C required the least time, setup B 
was indeterminate in that it could be equal to 
setup A or setup C, and setup A required the 
greatest time. 

Eon To» setup A required the least time, setup B 
was second, and setup C required the greatest 
times 

For T6, setups A and B were essentially equal and 
required the least time, and setup C required the 


greatest time. 


The evidence from the analysis of variance supports 


the hypothesis that therblig times were inter-related. 


While it is true that T4 and T, were apparently not affected 


by the change in therblig sequence, it is thought that sev- 


eral possible patterns are available, 


The possible explanations are proposed below: 


1. 


Ty and T, were alike in that each was a transport 
empty and each occurred in the cycle before any 
change took place in the therblig sequence. This 
possibility involves the assumption that the 
momentary pause and change of direction at station 


l made, in effect, a separate cycle out of the 





38 


reverse motion path. 
oe T4 and T, were also alike in that each was a mo- 
tion which was made in a direction away from the 
operator. 
| Of the two possible explanations offered above, it is 
felt that the former is more plausible, however, additional 
evidence is needed before either could be adopted or dis- 
carded. 
T4 and Ta were each a transport empty which followed 
a change in the therblig sequence, They were also alike 
in that each was a motion which was made in a direction 
toward the operator, The fact that Τα and τς were affected 
by the change in therbliz sequence does not appear to be 
inconsistent with the fact that Ti and τι were not affected. 
T, and τς were each a transport loaded, T, preceded 
the change in^therblig sequence while T, followed the 
change. The additional time required for Το under setups 
B and C is thought to be due to the anticipation of the 
increased difficulty of the more precise positioning of 
the load. The additional time required for T; under setups 
B and C must be attributed to the increased difficulty of 
the disassemble which immediately preceded the transport 
loaded, 
The manner in which the mean value of the transports 
(Table 20 of Appendix D) varied under the three setups is 


interesting to note. Το varied directly with the difficulty 
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which was presumed to be designed into the interchangeable 
devices located at station 3. As discussed above, this is 
thourht to be caused by anticipation of the increased re- 
quirements, Τη was not affected by the change in therblig 
sequence as much as T, was since only the extremes (setups 
A and C) were significantly different, The extremes 
(setups A and C) varied inversely with the designed diffi- 
culty of the preceding requirements, Three possible ex- 
planations are offered: 

l. The designed difficulty of setup B was not actu- 
ally different from that of setup A or C as far 
as Τη was concerned, 

2, Considering the extremes (setups A and C), the 
operators sensed that they were behind and speeded 
up the next motion. 

BS The Conclusion of Schwab, 1^ that therblig times 
do not vary in a set pattern from one level of 
activity to another, suggests that therblig times 
affected by a change in therblig sequence would 
not vary in a set pattern, 

Again, additional evidence is needed before a conclusion 
could be stated. 

To apply the line of reasoning used on T4 above to Ts 

might appear to be inconsistent as Ts varied directly with 


se Schwab, op.cit. 
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the designed difficulty of the preceding therblig. Ts 
showed that the designed difficulty of setup B was suffi- 
ciently different from setups A and C to cause a signifi- 
cant difference in time required. The only explanation 
which can be offered is that a transport loaded therblig 
and a transport empty therblig are affected differently by 
a change in therblig sequence. 

The manner in which Tg varied, since τς was a trans- 
port empty therblig, can only be explained by reference 
to the third possible explanation offered for Τη» 

It would seem important to have a logical explanation 
for the observed variations, however, it is thought to be 
more important that the variations do occur, 

The percentage of the total variation (Table 17 of 
Appendix C) which was assigned to a particular source of 
variation isl& interest as T3 and τς had rather small 
percentages which were attributed solely to the change in 
setups. The important fact, however, is that the differ- 
ences among setups were significant for the transports T5, 
Τη, Του and Tg. 

The percentage of the total variation assigned to the 
operators certainly bears out the accepted concept of 


individual differences, 
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CONCLUSIONS 


For the operators who participated in the experiment 
and under the conditions which prevailed, the following 
conclusions can be stated: 

1, The evidence obtained as the result of this ex- 
periment, supports the hypothesis that time values 
for certain therbligs (transport empty and trans- 
port loaded) cannot be given as universal values 
since they are affected by other therbligs in the 
motion sequence, 

2. Several causative factors were suggested, but 
more evidence is needed to assign a reason for the 


observed variation. 


a. 


= 
o 
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Instructions for Operators 


The experiment in which you are about to take part 
consists of performing three setups of a simple task 
with your right hand. 

The motion path and therbligs involved in the three 

setups are essentially the same and are as follows: 

a, Contact grasp front of plate at station 1l. 

b. Transport empty from station l to station 2, 

ο. Grasp the cube at station 2 by placing the thumb 
on the near side of the cube and the first three 
fingers on the opposite side, 

d. Transport loaded from station 2 to station 3. 

e. Position cube and assemble as required at station 
3. Do not drop cube--place firmly on surface before 
releasing. 

f. Release load cube at station 3. 

£. Transport empty from station 3 to station 1. 

h. Contact grasp front of plate at station 1 with thumb. 

i. Transport Empty from station l to station 3. 

j. Grasp cube at station 3. 

k. Disassemble as required at station 3 and transport 
loaded to station 2. 

l. Position and release load cube at station 2. Do 
not drop cube--place firmly on surface before re- 


leasing. 
Fig. 8-1 
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m. Transport empty fron station 2 to station 1. 

n. Contact grasp front of plate at station l with 
thumb. 

A recorded run will be taken for each setup of the 

task and will consist of ten cycles as described above. 

Work as rapidly as you can. 

You will have about five minutes rest between recorded 

runs to enable the final preparations for the next run 


to be completed. 


jo 


Fig. 8-2 
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Order of Presentation of Experiment Setups 


Operator First Second Third 
1 A B C 
2 B C A 
3 C À B 
4 C B À 
2 Β À C 
6 Á C B 
7 A B C 
8 B C A 
J C A B 

10 C B A 
11 a B A C 
l2 E A C B 


The letter in the cell is the setup designator. 
For ease of reference they are repeated below. 
Setup Device at station 3 

A 4" circular container 
B 2-1/4" square container 
C 


plate with two 1/2" dowels 


Fig. 9 
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APPENDIX B 


Analysis of Variance 


The analysis of variance was completed as outlined 
below, The calculations in this example were based on the 
data obtained for T5. The analysis used was a factorial 
design with replication. The setups were arranged in 
columns, the operators in rows, and there were ten measure- 
ments in each cell (Table 14). 


l. | Computation of Qa» the within cell variation. 


N 
9 -X x^. z T^ 
1 1 = 


ν 


e 


Where X = an individual measurement, 
N = total number of measurements, 


k 


Ην 


the number of columns, 
m =the number of rows, 


Ti = the total of all measurements in a cell, and 


v = the number of measurements in a cell. 
DO So E 
Qe P = X = a Ti 
1 Hu 
10 
Om Mieco; 356.75 = 8,621 112.375 @ 46,244.375 
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Table 14 - 1 


Factorial Design With Replication 


Setup A 












Operator 6 






168.5 
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Table 14, - 2 


Factorial Design With Replication 


Operator 8 


e 
Operator 10 


Operator 11 


Eperator 12 
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P. Computation of Q the among cell variation. 


GEN 
km 2 
ir > 
l T 
Q xcu 
ο 5 Y N 


Where T = the total of all measurements 


26 e 
"i τε T^ 
Ye τ ~ 10 - 360 


Qo r F 8,821,112.375 - 8,678,319.806 = 142,792.569 


3; Computation of Qos the colum to column variation. 


k T 2 
Zac 2 
T 
ο mv TW 


Where Ta = the total of a column. 


3 4? 
C 





Q 


a. 


| 1 T 
E Q., = - 
κ. “τε 120 360 
Q, * 8,695,701.885 - 8,678,319.806 = 17,382,079 


4, Computation of Q_, the row to row variation. 


wor 
Where I = the total of a row. 
a 3 
pm = 
per n d 
^p " 7030 — - 5ο 
Q, = 8,782,804.142 - 8,678,319.806 = 104,484.336 





5n 


P Computation of leyr’ the variation due to the 


interaction among rows and columns. 
Vexr ^ Rer - ἃς - ὃς 
E E 142,792.569 - 17,382,079 - 104,484.336 


= 20,926,154 


% 


6. Computation of mean squares for the sources of 


variation. 


Sum of squares 
Mean squar egrees of freedom 


Source of Degrees of Sum of Mean > 
Variation Freedom, d.f. Squares, Q Square, ο. 


Among 


Setups 2 17,382.079 8,691.0395 
Among 

Operators | 11 104 ,484.336 9,498.576 
Operator x F 

Setup b 

Interaction 22 20,926.154 951.1888 
Error 324 46,244,375 142.7296 


7: Computation of the He values for the sources of 
variation. 


The - values for the sources of variation were 
obtained by determining the ratio between the mean 
square of the source of variation and the mean square 
of the error term. 


8. Comparison of the computed F values with tabulated 





Fe 


F values, 

The F values were obtained from Snedecor. ?? To 
locate the appropriate F value, the table was entered 
with the degrees of freedom of the source of variation, 
the greater mean square, and the degrees of freedom of 
the error term, the lesser mean square. Table 15 shows 
the comparison of the computed F values with the tabu- 
lated F values, 


The intermediate data for the transports, T4 


through Tg, is recorded in Table 16. 


i 


* 


l?snedecor, op. cit., pp. 222-5, 
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APPENDIX C 


Computation of Components of Variation 
Table 16 of Appendix B records the mean square values 
for the sources of variation as obtained by the analysis 


of variance, For use as an example a part of Table 16 is 


reproduced below, The data are for the transport Το. 


Source of Variation Sum of squares 
Among operators 104,484.3 9,498.6 


Among setups 17259921 8,691.0 
O 1 S Interaction 20,9262 
Residual or error L6, 24h h 142.7 


The expected mean squares for the sources of variation are 





given below. , 


Source of variation Expected mean square 


Among operators re + 10 d Ene 10k σο΄ 





| Among setups TR? 4 10 στ΄ + 10m 95° 


O X S Interaction Te" + 1077? 


Residual or error Cu 





Where 


"35344 


the 


the 


the 


the 


the 
the 
the 


the 


variation 


variation 


varíation 


variation 


number of 


due to 


due to 


due to 


due to 


setups, 


n7 


ΕΤ, 
the interaction, 
setups, 


operators, 


total population of setups, 


number of operators, and 


total population of operators. 


Treating this experiment as a fixed model, m = M = 12 


and k= K = 3, and the ES and ES terms reduced to 


zero. Substitution of the data for transport T, into the 


above equations for the expected mean squares gave the fol- 


lowing results. 


» 


ES 112,7 

+ ιοστ᾽ - 951.2 
= 40.9 

+ 120 gs" = 8691 


85,8.3/120 = 71.2 


30 0, = 


2 


9355.9/30 = 


9498.6 


BID 


The total variation was obtained by adding the components. 


Total Variation = 142.7 + 80.9 + 71.2 + 311.9 = 606.7 
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The percentage of the total variation which could be 
attributed to a varticular source of variation was deter- 
mined by dividing the component of variation by the total 


variation. 


νο... 
606.7 23.5% of variation due to error 


mE = 13.3% of variation due to interaction 


=~ = 11.7% of variation due to setups 


LS = 51.4% of variation due to operators 


Table 17 shows the results of the computation of components 
of variation. Transports Ti and τι were not included since 
the analysis of variance showed that significant differ- 


ences did not exist for these therbligs. 





Tables 17 


Tabulation of Components of Variation 


τ "E 


ο. 
O 
NO 
pa 
OO 
py 
a 





dr πο 1. 5 175.9 
Total variation 606.7 362.1 
% due to ez (error) 235 E" ZI 
% due to στ΄ "X interaction) πες 
$ due to e (setups) Du 7 Le 
% due to στ΄ (operators) Se 1.2 | 48.5 


Total percentage 99.9 100,0 99.9 


173.0 


in 
ο 


58.9 


- 


277. 


53204 


20) 


v 


WI) 


Mn 
N 
9 
= 


100,0 





APPENDIX D 


Multiple Comparisons of Means 
The Tukey Method of multiple comparisons in pairs 
permitted the comparisons of the means of Setup A versus 
Setup B, Setup A versus Setup C, and Setup B versus Setup 
C to be handled as outlined below. Multiple comparisons 
were made only for the means of the transports for which 
the analysis of variance showed that significant differ- 
ences existed. For use as an example a part of Table 13 


is reproduced below, The data are for the transport Το. 


Setup Mean Value of Το for 12 operators 


146.3 


To make the multiple comparisons it was necessary to check 


the @ confidence intervals which are 


la 
9 = q (k, N-k) _ 


Where @ = the difference of the means being compared-- 


je oz τα, 
q = the studentized range, 
κ = the number of means in the experiment, 


N = the total number of measurements in the 
experiment, 
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n = the measurements used in computing a single 
mean, and 
ni = the variation due to error. 


In this case, 

k = 3, N = 360, ndN-k - 357, 
To determine q, the studentized range, the tablel^ was 
entered with k and N - κ. For the 99% confidence level 


q (3,357) was found to be 4.12. 


" Ts | 
If ©- a (k, N-k) = does not overlap zero, a signi- 


ficant difference exists between the means being compared. 





The 99% confidence level means that the above statement 
will be true 99 times out of 100. A check of the € con- 


fidence intervals of the data for T, was carried out as 


x 


indicated below. 


=, 
ar 


“tr 


Difference of means 


X - Xp = =- 10.0 = © 
O B o - 16.9 1. 0, 
O = - 6.9 = 8, 


τ.μ. στ, ον 120, 4(3,357) "* 4.12 


V pi yon, W. J. and Massey, F. J., Introduction to Statis- 
tical Analysis, McGraw-Hill, New York, 1951, pp. 342-3. 
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(04): -10.0 7 2.12 142. 

v -10.0 - 412 (1.09) 

= 200 πο 559509 sb -125 
(05): -16.9 = WED =. 212.1] we -21.39 
(@,): - 6.9 D MAS >= - 251 96 -11239 


Since none of the 8 confidence intervals overlapped 
zero it can be stated that a significant difference exists 
between the means compared, and the means can be ranked in 
order of magnitude. Table 18 records the intermediate data 
used in making the multiple comparisons, and Table 19 
records the results of the multiple comparisons for T5, Τη, 


T5 and Te. 
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Table 18 


Data for Multiple Comparisons 


X For All Operators 


T T T τς 


2 3 2 


ae 
MES 
se 


Setup 





120 


q(k, N-k) 4.12 ae 4.12 4.12 








= 
WwW 


ransport 


“3 
un 


+3 
N 


Table 19 


Multiple Comparisons 


Confidence interval 
- 5.51 to -14.49 
-12.41 to -21.39 
- 2.141 to -11.39 

9.16 to - 2.96 
13.46 to TU 
10.36 to - 1.76 

- 6.94 to -13.86 
-13.04 to -19.96 
- 2.64 to - 9.56 

6.54 to - 3.34 
- 2.76 to -12.64 
- 4.36 to -13.24 


61, 


Overlap zero 
No 
No 
No 
Yes 
No 
Yes 
No 
No 
No 
Yes 
No 
No 
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The confidence intervals of 91 of Τη, 94 of τη and 
6, of u overlap zero. This indicates that the differ- 
ences between the means of Setups A and B of Τη, oetups B 
and C of T4, and Setups A and B of Tg are not great enough 
to be attributed to anything but chance alone. Table 20 
contains the rank order of the mean values for all twelve 
operators which could be assigned as the result of the 
multiple comparisons. It was necessary to split the rank 
column of T4 since there were two possible rankings. The 
multiple comparisons of means showed that Setup A was es- 
sentially e^nual to Setup B, Setup A was greater than Setup 
C, and Setup B was essentially equal to Setup C. Therefore, 
as indicated by the tentative rankings under Τη, Setup C 
could be ranked first and Setup A third. Setup B, not being 
ENEuSficantly different from either Setup A or C, must be 
placed either With Setup A or with Setup C. In the case 
of iva Setup A was proved to be essentially equal to Setup 
B, but both were less than Setup C. Hence Setups A and B 
must be ranked torether. 


Table 20 
Rank Order of Mean Values For All Twelve Operators 
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